This study evaluated the effects of six months of bicycle ergometer training on coronary sinus blood flow (CSBF) and left ventricular oxygen consumption (LVO,) in 10 patients with exertional angina pectoris and angiographically documented coronary artery disease. CSBF was determined by thermodilution before and after training, with the patient in the upright position under the following conditions: at rest, during exercise at an equivalent work load, during exercise at an equivalent heart rate and at symptom-limited exercise. Although resting heart rate was significantly (P < 0.05) lower after training (78 ± 9 vs 70 ± 5 beats/min), CSBF, LVO, and the product (PRP) of mean brachial artery pressure multiplied by heart rate were unchanged. At an equivalent work load averaging 400 kg-m/min heart rate (120 ± 14 vs 103 ± 11 beats/ min), CSBF (163 ± 36 vs 135 21), and PRP X 10-' (15.2 ± 2.7 vs 12.4 ± 2.6) were significantly lower after training.
PHYSICAL TRAINING can be used in the treatment of patients with exertional angina pectoris due to coronary artery disease. The rationale for its use is based on studies showing a 20-74% increase in symptom-limited exercise tolerance,'-7 decreased electrocardiographic signs of ischemia in subanginal exercise,5 an abolition or reduction of angina in daily life and a subjective feeling of well-being on the part of the patient after the training program.
The product of heart rate times systolic blood pressure (PRP) is well correlated with coronary blood flow and myocardial oxygen consumption during exercise. 8'12 As such, the changes of exercise PRP and related indices have given rise to two hypotheses to explain the higher symptom-limited exercise tolerance with training. First, training may reduce myocardial oxygen requirement and coronary blood flow for a given work load; and second, there may be a greater myocardial oxygen consumption and coronary blood flow after training at the onset of angina.
This study examines these hypotheses with direct determinations of coronary sinus blood flow by the thermodilution technique during upright exercise on a bicycle ergometer.
Methods

Patient Description
A clinical and angiographic description of the 10 male patients (mean age 46 years) is presented in table 1. All had stable angina pectoris which could be induced by treadmill exercise testing. Cinecoronary arteriography performed within six months of the study demonstrated significant obstructions of at least 70% of the left anterior descending or left circumflex artery in eight patients. Two patients who did not meet this criteria had severe obstructions of a large dominant right coronary artery which presumably would have supplied blood to most of the inferior wall of the left ventricle and part of the interventricular septum. They were included in the study since their response to exercise and training would be similar to the other patients with respect to left ventricular coronary blood flow as measured by the thermodilution technique. Left ventricular function was adequate with ejection fractions greater than 0.50 as calculated by the area length method. 13 When the study began, six patients were receiving propranolol therapy. This was interrupted gradually over several days, with the last tablet being taken at least 48 hours before the noninvasive exercise tests and at least 96 hours before exercise in the catheterization studies. Clinical improvement warranted the cessation of this therapy within the first three months of training. Informed patient consent was obtained before the study which was approved by this institution's medical ethics committee for research.
Noninvasive Studies
The patients came to the laboratory on three occasions, pre-and post-training. On the first visit, the class   M I  EF  LVEDP  contraction  AD  LC  RC   1  40  170  64.2  III  0.59  4  normal  65  100  2  52  164  76.4  I  0.71  5  normal  85  75  100  3  50  164  66.0  II  -10  normal  95  85  4  50  177  79.0  II  0.62  15  normal  95  5  39  175  66.5  II  +  0.70  14  normal  70  60  100  6  33  166 symptom-limited exercise capacity was determined using a noninvasive multi-stage bicycle ergometer test in which the work load was set at 225 kg-m/min for two minutes and thereafter increased each subsequent two minute interval by 75 kg-m/min. A well-defined angina threshold was obtained before training by performing two tests separated by a 15-minute rest interval. Heart rate and blood pressure measurements obtained at the onset of angina on the second test were used as baseline data. After training, three out of 10 tests were terminated by leg fatigue without the appearance of angina. The second visit served to familiarize the patient with the exercise required during catheterization. Work loads were obtained which could be performed for 10 minutes without angina and which could induce angina in approximately five minutes.
Catheterization Studies
On the third visit, the patients were hospitalized overnight and evaluated in the morning two hours after a light snack and without premedication. With the patient in the supine position, a 100 cm size 8F Ganz thermodilution catheter* was inserted into the right or left arm antecubital vein and advanced under fluoroscopy into the main coronary sinus. An 18 gauge Amplatz catheter was inserted percutaneously into the right or left brachial artery. The catheters were connected to Statham P23Db transducers. The patient then walked to the bicycle ergometer and was seated. The same ergometer was used in all noninvasive and catheterization evaluations. The position of the thermodilution catheter was visualized on a Philips BV-20 portable x-ray image amplifier and adjusted so that the external thermistor was located just inside the coronary sinus ostium. This was accomplished by a small hand injection of contrast material.
Coronary sinus blood flow (CSBF) wss determined by the continuous thermodilution technique.'4 A physiologic saline solution at 22°C was injected into the coronary sinus, using a Harvard pump and twin syringes of 20 ml, at a rate of 38 ml/min for 20-30 seconds. CSBF (ml/min) was calculated using the following formula: *Supplied by Wilton Webster Co., Altadena, California. CSBF = Fi (Tb -Ti 1.08
CSBi (Tb -Tm)
where Fi is the volume of injectate (ml/min), Tb, Ti, and Tm are temperatures of blood, injectate and mixture of blood and injectate (°C); and 1.08 is a constant derived from the density and specific heat of the saline solution and blood. Arterial and coronary sinus pressures were recorded on a Sanborn photographic recorder with the zero reference position at the fourth intercostal space, at the sternal edge. Mean brachial artery pressure was recorded simultaneously with the coronary sinus dilution curves at 10 mm/sec. Tracings for arterial systolic and diastolic pressures were recorded at 25 mm/sec over several respiratory cycles immediately followed by at least five cycles recorded at 100 mm/sec. The latter served to calculate the systolic ejection period (SEP). CSBF, peak systolic, mean systolic and diastolic arterial pressures and SEP were determined using a Hewlett-Packard digitizer (model 9864A). Simultaneous arterial and coronary sinus blood samples were placed in ice and rapidly analyzed for pH, PO2 and PCO2 on a digital blood gas analyzer (ABL-1 Radiometer, Copenhagen). Hemoglobin saturation was obtained from the oxygen dissociation curve with correction for pH and temperature as described by Severinghaus.'5 Oxygen content was calculated from hemoglobin concentration and saturation.
The following calculations were made: Left ventricular oxygen consumption (LVO2) = CSBF (ml/min) X 10-2 x [arterialcoronary sinus 02 content (ml/100 ml)] Coronary vascular resistance (CVR) = brachial artery mean pressure (mm Hg)JCSBF (ml/min) Pressure-rate product (PRP X 10-') = brachial artery mean pressure (mm Hg) x heart rate (beats/ min).
Mean brachial artery pressure was used for pressure-rate product in this study since it was consistently recorded simultaneously with the thermodilution curve. In upright exercise, PRP calculated with systolic or mean arterial pressures give similar correlations with coronary blood floW.8 ' 12 Preto post-training comparisons were made during upright rest and during upright bicycle ergometer 42 CIRCULATION CORONARY BLOOD FLOW AND PHYSICAL TRAINING/Ferguson et al. The patients performed two bouts of 15-minute bicycle ergometer exercises two to five times per week (mean 2.6) for 16-26 weeks (mean 22 weeks). The work load was increased progressively in the early stages of training; afterwards it was adjusted individually to be just under the angina threshold. In some patients with low angina thresholds, nitroglycerin was permitted b before the training sessions in order to obtain work intensities sufficient for a training stimulus. Twenty minutes of participation in a controlled volleyball game was permitted for the majority of patients at each exercise session.
Results
The maximal work load on the noninvasive bicycle ergometer tests (table 2) increased 38% with training (560-770 kg-m/min). This was accompanied by an average increase in heart rate (P < 0.01) of 15 beats/min (from 130 to 145 beats/min) with no significant change in maximal systolic blood pressure. The product of systolic pressure multiplied by heart rate was 22% higher after training (P < 0.01).
The individual data from the catheterization studies for work intensity, coronary hemodynamics and systemic pressures are presented in table 3. Despite a significant lowering (from 78 to 70 beats/min; P < 0.05) of the heart rate at rest (table 4) , the CSBF, LVO2 and PRP were not significantly modified with training.
When an equivalent work load (X = 400, range 275-550 kg-m/min) was performed by the patients pre-and post-training, the average heart rate was significantly reduced, from 120 to 103 beats/min (table  5 ). This was accompanied by a significant increase in SEP/beat (from 0.23 to 0.25 sec). There were also modest but significant reductions in systolic, diastolic and mean arterial pressures. The CSBF averaged 28 ml/min less (from 163 to 135 ml/min) after trainn, and this was reflected in the significantly lower PR LVO2 tended to be lower and CVR higher at an equivalent work load after training; however, the differences were not significant (P < 0.10). No changes were found for the arterial-coronary sinus oxygen difference with training.
After training, the patients could perform approximately 160 kg-m/min more work (344 vs 506 kgm/min) for a similar heart rate (X = 114, range 98-135 beats/min) (table 6). Despite this significant difference in work load CSBF, LVO2, PRP, systemic pressures and all other parameters were essentially the same before and after training at this equivalent heart rate.
The work load at the onset of angina during the catheterization exercise increased by 43% after training (from 493 to 703 kg-m/min) (table 7) . CSBF, heart rate and PRP X 103 were higher in six out of nine patients; however, the group means were not significant. Time limitations on blood sampling imposed by the progression of angina permitted calculation of LVO2 in only six patients. LVO2 and arterial-coronary sinus oxygen difference (art-csO2) were not significantly increased post-training.
Discussion
Several studies1-7 have demonstrated that training reduces PRP during work loads up to and including that which provokes angina pre-training. The present results confirm that training induced reductions of PRP in angina patients exercising in the upright position are accompanied by lower CSBF for a mean work load of 400 kg-m/min. When mean CSBF values for the various experimental conditions are plotted against work load ( fig. 1) , it is apparent that CSBF is also lower (200 vs 145 ml/min) at approximately 500 kg-mimin, which was the angina threshold pretraining and the level used to compare CSBF at an equivalent heart rate post-training. Corresponding values for LVO2 were 25.2 and 18.6 ml/min, respectively.
These data suggest that the increased exercise tolerance of angina patients with training is secondary to a reduced myocardial blood flow requirement for a work load which produced ischemia and angina before but not after training. This does not confirm a localized reduction in flow requirement to the previously ischemic region since the thermodilution method, as presently employed, furnishes no information regarding regional perfusion. The reduction in CSBF and myocardial oxygen consumption with training is due to a decreased sympathetic drive4 to the heart and systemic arteries as reflected by the lower heart rate, blood pressure and probably contractile state. Similarly, there are also lower catecholamine levels in arterial and coronary sinus blood for a given work load.16 Peripheral adaptive changes in trained skeletal muscle may be responsible for the diminished sympathetic drive. 4 17, 18 When the work load, and consequently sympathetic drive, were augmented after 43 PatientI  II  I  II  I  II  I  II  I  II  I  II  I  II  I  II  I  II   1  Rest  74  71 125 138  80 tMaximal effort without angina.
Abbreviations: BP syst, diast = brachial artery systolic and diastolic mean pressure; PRP = pressure-rate product of mean brachial artery pressure (mm Hg) X heart rate (beats/min); SEP = systolic ejection period; CSBF = coronary sinus blood flow; LVO2 = left ventricular oxygen consumption; art-csO2 = arterial-coronary sinus oxygen content difference. tP is for Student t-test for paired values.
Abbreviations: BP syst = brachial artery systolic pressure; BP diast = brachial artery diastolic pressure; BP mean = brachial artery mean pressure; SEP = systolic ejection period; CSBF = coronary sinus blood flow; LVO2 = left ventricular oxygen consumption; art-cs02 = arterialcoronary sinus oxygen content difference; CVR = coronary vascular resistance; NS = not significant. Abbreviations: BP syst = brachial artery systolic pressure; BP diast = brachial artery diastolic pressure; BP mean = brachial artery mean pressure; PRP = product of mean brachial artery pressure; SEP = systolic ejection period; CSBF = coronary sinus blood flow; LVO2 = left ventricular oxygen consumption; art-cs02 = arterial-coronary sinus oxygen content difference; CVR = coronary vascular resistance; NS = not significant.
training to produce a similar heart rate and PRP as before training ( fig. 2 ), CSBF and all other coronary hemodynamic parameters were essentially the same. These findings support the clinical use of PRP.in evaluating changes in coronary blood flow during submaximal exercise.
Despite the significant and typical increase in the work load necessary to induce angina, maximum CSBF was not significantly changed with training. The argument against an increased aerobic myocardial metabolism is supported by the data of Sim and Neill,6 who reported no improvement in myocardial Abbreviations: BP syst = brachial artery systolic pressure; BP diast = brachial artery diastolic pressure; BP mean = brachial artery mean pressure; PRP = product of mean brachial artery pressure; SEP = systolic ejection period; CSBF = coronary sinus blood flow; LVO2 = left ventricular oxygen consumption; art-csOa = arterial-coronary sinus oxygen content difference; CVR = coronary vascular resistance; NS = not significant. lactate extraction at the pacing angina threshold with training. The argument is also supported by the findings of Detry and Bruce,5 which showed that the posttraining increase in PRP at the exercise angina threshold was accompanied by an increase in the magnitude of ST segment depression, and by arteriographic studies,e '9 which showed no increase in collateral circulation with training. However, a number of patients did increase CSBF and PRP at the onset of angina, and since patients showing the best functional improvement have increased PRP,7 the possibility that a subgroup of patients may have an enhanced myocardial oxygen delivery with training cannot be ruled out.
Although PRP at the onset of angina was not significantly increased during the post-training catheterization studies, it was increased during the Abbreviations: BP syst = brachial artery systolic pressure; BP diast = brachial artery diastolic pressure; BP mean = brachial artery mean pressure; PRP = product of mean brachial artery pressure; SEP = systolic ejection period; CSBF = coronary sinus blood flow; LVO2 = left ventricular oxygen consumption; art-cs02 = arterial-coronary sinus oxygen content difference; CVR = coronary vascular resistance; NS = not significant. 45 VOL 58, No 1, JULY 1978 noninvasive multi-stage exercise test. These conflicting results are probably explained by the manner in which angina was induced. Previous studies1 2, [4] [5] [6] reporting increases in PRP at angina used a progressive exercise protocol with levels of three minutes duration. However, in a recent report,7 angina was induced after five minutes of exercise at a constant work load. As in the present study, training did not significantly augment the PRP. Similar differences in symptom-limited PRP between progressive tests'7 and a constant work load'8 were observed in patients before and after Lidoflazine treatment. Sim and Neill6 reported that the PRP at angina, induced by right atrial pacing, was unchanged with training, whereas it was increased in the same patients on a progressive exercise test. The increased PRP with training is not observed in all patients and appears to be more frequent in exercise protocols with progressive increments in work load of two to three minutes.
Despite a lower heart rate, CSBF and PRP at rest were not significantly modified with training. In this study, thermodilution values obtained at rest in the upright position were somewhat lower than those reported'4 22 for coronary artery disease patients evaluated in the supine position. Smaller ventricular volumes in the upright position23 might explain this difference. The thermodilution method has a reproducibility on repeat determinations at rest of approximately 5%14, 24 and no significant differences in resting CSBF are noted after one week. 22 Thermodilution is particularly suited to the measurement of CSBF during exercise in patients, since rapid determinations can be made at the onset of angina with a minimum of risk and patient discomfort. A major concern in the utilization of this method is the position of the catheter in the coronary sinus, since it determines the portion of left ventricular coronary flow measured.'4 25 In the present study, the reproducibility of 20 duplicate determinations of CSBF obtained on various patients during the same exercise period was 14 ml/min, or 9% of the mean (158 ml/min). This compares to the reproducibility* of the nitrous oxide method (1 1%) calculated from the data of Jorgensen et al. 26 for comparable exercise heart rates.
In contrast to normal subjects having average CSBF increases of 440%,27 our patients could only double resting CSBF. The present CSBF values at angina are similar to the thermodilution values of Yoshida et al.28 for pacing-induced angina. Similar low coronary reserve in exercise and with pacing was evident from great cardiac vein blood flow measurements in angina patients with obstructions of the left anterior descending artery. 30 The low coronary reserve observed in angina patients is not surprising, since the physiological correlates of symptom-limited exercise are different than maximal exhaustive exercise. Maximal heart rate is lower in symptomatic vs asymptomatic patients.3' Physical training can be incorporated into the management of patients with exertional angina pectoris in combination with beta-blockade and nitroglycerin. The present evidence indicates that an enhanced myocardial oxygen delivery is not a prerequisite for the improved exercise tolerance in angina patients with training. This improvement is related to reductions in coronary blood flow requirements for a given work load. The explanation of how this is brought about depends on the refinement of techniques for determining regional myocardial perfusion in the exercising patient.
